Leaf senescence is the final stage of leaf development in which the nutrients invested in the leaf are remobilized to other parts of the plant. Whereas senescence is accompanied by a decline in leaf cytokinin content, exogenous application of cytokinins or an increase of the endogenous concentration delays senescence and causes nutrient mobilization. The finding that extracellular invertase and hexose transporters, as the functionally linked enzymes of an apolasmic phloem unloading pathway, are coinduced by cytokinins suggested that delay of senescence is mediated via an effect on source-sink relations. This hypothesis was further substantiated in this study by the finding that delay of senescence in transgenic tobacco (Nicotiana tabacum) plants with autoregulated cytokinin production correlates with an elevated extracellular invertase activity. The finding that the expression of an extracellular invertase under control of the senescence-induced SAG12 promoter results in a delay of senescence demonstrates that effect of cytokinins may be substituted by these metabolic enzymes. The observation that an increase in extracellular invertase is sufficient to delay leaf senescence was further verified by a complementing functional approach. Localized induction of an extracellular invertase under control of a chemically inducible promoter resulted in ectopic delay of senescence, resembling the naturally occurring green islands in autumn leaves. To establish a causal relationship between cytokinins and extracellular invertase for the delay of senescence, transgenic plants were generated that allowed inhibition of extracellular invertase in the presence of cytokinins. For this purpose, an invertase inhibitor was expressed under control of a cytokinin-inducible promoter. It has been shown that senescence is not any more delayed by cytokinin when the expression of the invertase inhibitor is elevated. This finding demonstrates that extracellular invertase is required for the delay of senescence by cytokinins and that it is a key element of the underlying molecular mechanism.
INTRODUCTION
Cytokinins are a group of plant hormones that promote cell division and play a major role in the regulation of various biological processes associated with active growth, metabolism, and plant development. Because these processes are associated with an enhanced demand for carbohydrates, a link to the regulation of assimilate partitioning (Brenner and Cheikh, 1995) , sink strength (Kuiper, 1993) , and source-sink relations (Roitsch and Ehness, 2000) has been suggested. This hypothesis is experimentally supported by the observation that radioactively labeled nutrients are preferentially transported and accumulated in cytokinin-treated tissue (Mothes and Engelbrecht, 1963) , suggesting that the hormone creates a new source-sink relationship, thus causing nutrient mobilization. Higher plants consist of a mosaic of photosynthetically active source tissues, such as mature leaves, and photosynthetically less active or inactive sink tissues, such as seeds, flowers, roots, fruits, and tubers. The source-sink relations in mature plants are not static, and changes, with respect to the relative sink strength of various organs, number of sinks competing for a common pool of carbohydrates, and sink to source transitions, occur during plant development. The photoassimilates produced in the source organs are transported into the sink organs mostly in the form of sucrose. An apoplasmic phloem unloading of sucrose is mandatory in symplastically isolated tissues, such as embryos or stomata, and seems to be characteristic for actively growing tissues (Eschrich, 1980) and, thus, under conditions that may be under the control of cytokinins. In apoplastic unloading pathways, sucrose is released from the sieve elements of the phloem into the apoplast by a sucrose transporter, where it is irreversibly hydrolyzed by an extracellular invertase ionically bound to the cell wall. The resulting hexose monomers are then taken up by sink cells through monosaccharide transporters (Roitsch and Tanner, 1996) . The extracellular invertase has a crucial function both in source-sink regulation and for supplying carbohydrates to sink tissues, being considered as a central modulator of sink activity (Tang et al., 1999; Goetz et al., 2001; Roitsch et al., 2003) . It has been shown that extracellular invertases are upregulated by several stimuli that affect carbohydrate requirements, including growth stimulating phytohormones (Roitsch, 1999; Roitsch et al., 2003) . The extracellular invertase activity is usually high in tissues with an elevated cytokinin concentration. A direct link between cytokinin and the function of invertases was suggested by the stimulation of invertase activity by cytokinins of in vitro cultivated Chicorium tissues (Lefebre et al., 1992) . This was further substantiated by the finding that extracellular invertases from Chenopodium rubrum and Lycopersicon esculentum were induced by physiological concentrations of different cytokinins. In addition, hexose transporters of C. rubrum were coinduced with the extracellular invertase by cytokinins. The coordinated induction of the two functionally linked key enzymes of an apoplasmic phloem unloading pathway was shown to result in a higher uptake of hexose sugars. These findings provided the groundwork for elucidating the molecular basis of the mode of cytokinin action, supporting the speculation that the upregulation of both extracellular invertase and hexose transporters may account for the phenomenon of transport of nutrients to cytokinin-treated tissue as observed by Mothes and coworkers in the 1960s.
The cytokinins are also a key component of plant senescence Amasino, 1996, 1997; Buchanan-Wollaston, 1997; Nam, 1997) . Leaf senescence is the final stage of leaf development but is also a recycling process in which the nutrients from these leaves are translocated to other parts of the plant, such as younger leaves, developing seeds, or storage tissues (Gan and Amasino, 1996) . The senescing leaves, according to the model proposed for the initiation of leaf senescence, have a photosynthetic rate such that they no longer contribute fixed carbon to the rest of the plant (Hensel et al., 1993) . The initiation of leaf senescence is subjected to regulation both by internal and environmental factors. In particular, phytohormones are assumed to be the main internal factors controlling this developmental process. Whereas abscisic acid and ethylene promote senescence, cytokinins typically inhibit senescence (Smart, 1994) . Physiological studies have shown that in a variety of monocotyledonous and dicotyledonous plant species, exogenous cytokinin treatment results in delay of leaf senescence (Richmond and Lang, 1957) , that the endogenous levels of cytokinins drop along the progression of leaf senescence (Gan and Amasino, 1996) , and that differences in tobacco (Nicotiana tabacum) leaf senescence are related to differences in endogenous cytokinin content (Singh et al., 1992a (Singh et al., , 1992b . The socalled green islands in autumn leaves, produced by specific species of caterpillar, fungi, or bacteria, have been shown to be caused by cytokinin secretion (Engelbrecht et al., 1969; Angra and Mandahar, 1993; Chen and Ertl, 1994) . The enhanced expression of a bacterial isopentenyltransferase (ipt) gene encoding a cytokinin biosynthetic enzyme under the control of the senescence-activated promoter SAG12 Amasino, 1999a, 1999b) in tobacco plants produced an efficient retardation in the process of leaf senescence in the mature leaves (Gan and Amasino, 1995) , confirming the regulatory role of cytokinins on leaf senescence in tobacco. In addition, the senescence-specific expression of the maize (Zea mays) gene knotted1 encoding a transcription factor in tobacco caused an increase in cytokinin levels and a delayed-senescence phenotype (Ori et al., 1999) . However, although the fact that cytokinins cause a delay in senescence was confirmed by elegant transgenic approaches, the underlying molecular basis for this cytokinin effect is still not understood.
In our attempt to elucidate the relationship between cytokinin and primary metabolism, the observed increase of extracellular invertase activity in the delayed-senescence leaves of SAG12:ipt tobacco plants supported a link among cytokinins, extracellular invertases, and carbohydrate partitioning for the delay of senescence. The suggested link between cytokinins and source-sink relations was further substantiated by complementing functional approaches in transgenic plants. The findings demonstrate that an increase in extracellular invertase activity is not only sufficient to cause a delay of senescence, but that this key enzyme of an apoplasmic phloem unloading pathway is an essential component of the molecular mechanism of delay of senescence by cytokinins.
RESULTS

Delay of Senescence by Cytokinins Correlates with an Increase in Extracellular Invertase Activity
The observed induction of extracellular invertases from different plant species by cytokinin suggested that this regulatory mechanism may be responsible for the delay of senescence in leaves. The induction of sink activity would result in the attraction of metabolites, leading to a decreased remobilization from the senescing leaf into the stem. To further substantiate this hypothesis, we have analyzed plants with autoregulated delay of senescence. It has been shown that controlling the expression of ipt, a gene encoding isopentenyltransferase, catalyzing the rate limiting step in cytokinin biosynthesis, with the senescence-inducible promoter of the SAG12 gene results in the delay of leaf senescence in tobacco (Gan and Amasino, 1995) and lettuce (Lactuca sativa) (McCabe et al., 2001 ) and corolla senescence in petunia (Petunia hybrida) (Chang et al., 2003) . The SAG12 gene from Arabidopsis thaliana encodes a putative Cys protease expressed in senescing leaves and stems (Noh and Amasino, 1999b; Grbic, 2002) , and promoter regions responsible for the senescence-specific expression have been identified (Noh and Amasino, 1999a) . The activity of the extracellular invertase isoenzyme has been determined in 17-week-old wild-type plants (N. tabacum cv Wisconsin 38 [W38]) and plants with autoregulated increase in cytokinins in senescing leaves (SAG12:ipt; Gan and Amasino, 1995) . In the wild-type plants, the bottom leaves, and to a lesser extent the leaves in the middle of the plants, showed senescence symptoms, such as an evident degradation of chlorophyll and starting necroses, whereas the top leaves showed no apparent symptoms. By contrast, none of the leaves of the transgenic plants showed signs of senescence, and no apparent influence of the leaf position was evident. In control plants, the level of extracellular invertase activity was not significantly affected in middle leaves and reduced by 46% in the bottom leaves with respect to the extracellular invertase activity in the top leaves of these plants (Figure 1 ). By contrast, the leaves of the SAG12:ipt plants showed an inverse distribution of the extracellular invertase activity. The extracellular invertase activity of the SAG12:ipt plants was slightly higher in the middle leaves and 139% higher in the bottom leaves compared with the top leaves of these transgenic plants. Thus, the extracellular invertase activity in the bottom leaves of the SAG12:ipt plants was 400% higher compared with the activity in the bottom leaves of senescing wild-type plants. This finding demonstrates that the delay of leaf senescence in the SAG12:ipt plants correlates with an increase in extracellular invertase activity and supports the hypothesis that cytokinin induction of extracellular invertase contributes to the delay of senescence.
Senescence-Induced Expression of Extracellular Invertase Results in Delay of Senescence
To substantiate a link between the extracellular invertase activity and delay of senescence by cytokinins, it has been tested whether an increase in extracellular invertase activity may replace the effect of endogenously or exogenously applied cytokinins on the delay of senescence. For this purpose, an extracellular invertase was expressed under control of the SAG12 promoter in transgenic tobacco plants to test the effect of senescence-induced increase in extracellular invertase activity. Among the numerous extracellular invertases cloned so far, only the cDNA of Cin1 of C. rubrum was proven to encode a biologically active enzyme by heterologous expression (Roitsch et al., 1995) and functional analyses (Goetz and Roitsch, 1999) . A SAG12:Cin1 construct was engineered and transformed into tobacco line W38. Approximately 50% of the 70 transgenic lines obtained were characterized by a delayed senescence phenotype both at the whole plant level as well as in senescence assays. For further analyses, the three transgenic lines, NT58-5, NT58-15, and NT58-69, were characterized in detail, and representative results are shown for line NT58-5. After 17 weeks of development, the SAG12:Cin1 plants showed a similar phenotype as the SAG12:ipt plants (Gan and Amasino, 1995) with a clear delay of senescence in the bottom leaves in comparison with the wild-type line (Figure 2A ). Analysis of detached young leaves from line NT58-5 incubated in the light for 4 weeks showed that these leaves remained green in comparison with the senescent wild-type leaves ( Figure 2B ).
The analyses of the invertase activity during development revealed that the extracellular invertase activity specifically increased in the bottom leaves of the SAG12:Cin1 plants starting in the twelfth week of development and showing the highest levels of 50 mg Glc min ÿ1 grams of fresh weight (FW) ÿ1 at week 15 ( Figure 3A) . The onset of the increase in extracellular invertase activity coincided with the induction of the SAG12 promoter as revealed by the analysis of b-glucuronidase activity in SAG12:uid reporter gene plants (data not shown).
The vacuolar invertase activity was higher in the top leaves compared with the bottom leaves both of W38 plants and of SAG12:Cin1 plants ( Figure 3B ). Whereas the vacuolar invertase activity of the control plants decreased during development, this intracellular invertase activity increased at weeks 15 and 17 in the SAG12:Cin1 plants.
Analyses of the concentration of soluble sugars revealed that the glucose content in the bottom and top leaves from SAG12:Cin1 and W38 plants showed an inverse distribution during the different stages of development ( Figure 3C ). The glucose levels in the senescing bottom leaves of the wild-type plants exceeded the level in the top leaves at the onset of senescence and then further increased, whereas the level remained relatively constant in the top leaves. By contrast, in line NT58-5, the onset of senescence resulted in an inverse distribution of the glucose content compared with the wild-type plants. At weeks 12 and 15, the glucose content in the top leaves of line NT58-5 was 150 and 105% higher, respectively, than in the bottom leaves. Only in samples harvested at week 17, characterized by senescence symptoms also in the bottom leaves of the transgenic line, the glucose content in the bottom leaves increased and exceeded the level in the top leaves. There were no apparent differences between wild-type plants and line NT58-5 with respect to the concentrations of fructose and sucrose (data not shown).
The results obtained with transgenic line NT58-5 have been reproduced in long-term experiments performed with the two independent transgenic lines NT58-15 and NT58-69 also expressing extracellular invertase Cin1 under control of the SAG12 promoter. Similar results have been obtained with respect to the delayed senescence at the whole plant level and in detached leaves, activities of extracellular and vacuolar invertase, and concentrations of soluble sugars (data not shown). In particular, these data support the unexpected finding that invertase activity and hexose levels are not positively correlated and that in SAG12:Cin1 plants, glucose levels are lower in bottom leaves compared with wild-type plants.
Localized Chemical Induction of Extracellular Invertase Expression Results in Ectopic Delay of Senescence
The conclusion derived from the senescence-induced expression of extracellular invertase that extracellular invertase may Extracellular invertase activity has been determined in top, middle, and bottom leaves of tobacco plants expressing the ipt gene under control of the senescence-activated promoter SAG12 (SAG12:ipt; Gan and Amasino, 1995) and of wild-type plants (W38). Bars represent the mean value of three independent replications 6 SE. DW, dry weight.
substitute the cytokinin stimulus was further verified by a complementing experimental approach involving an inducible promoter system. For this purpose, a tetracycline-inducible (derepression) system was chosen (Gatz and Lenk, 1998) . Extracellular invertase has been engineered under control of the corresponding promoter and transformed into W38 tobacco plants expressing the required repressor gene. Approximately 40 transgenic plants have been obtained, the three transgenic lines NT17-1, NT27-5, and NT35-7 were analyzed in detail, and representative data obtained with line NT35-7 are shown.
The effect of the chemical induction of the extracellular invertase expression was studied in leaf detachment assays. The induction of the Cin1 gene, by applying tetracycline to leaves by petiole feeding, produced a marked delay of senescence visible after 4 weeks of incubation when the control leaves showed a senesced phenotype ( Figure 4A ). This retardedsenescence phenotype was related to a higher photosynthetic capacity as determined by chlorophyll fluorescence measurements ( Figure 4B ) and a higher chlorophyll content (data not shown). In addition, the simultaneous application of tetracycline and kinetin resulted in a higher retardation phenotype and chlorophyll content (data not shown), possibly because of the simultaneous induction of an endogenous tobacco extracellular invertase.
To verify that the delayed senescence was because of the induction of Cin1, we performed RNA gel blot analysis. The results show a strong induction of the transcripts for the transgene already after 2 h of incubation with tetracycline ( Figure  4C ). Induction of the transgene resulted in an average 16-fold higher extracellular invertase activity in tetracycline-treated leaves showing a delay of senescence compared with senescing control leaves. Whereas the mean value of the activity of extracellular invertase of tetracycline-treated leaves was 159.8 milliunits/g FW (SE 6 24.2), the corresponding value of control leaves was 12.3 milliunits/g FW (SE 6 3.6) as determined in four different sets of samples. These results further support a positive correlation between extracellular invertase activity and delay of senescence and demonstrate that the induction of the expression of extracellular invertase can effectively substitute the cytokinin action on the delay of senescence.
The effect of tetracycline was further studied by local induction of gene expression in the transgenic leaves. The localized tetracycline application leads to the appearance of green islands similar to those observed in autumn leaves ( Figure 4D ). The amount of chlorophyll in the green areas was two to six times higher than in the corresponding zones of control leaves. A simultaneous increase of extracellular invertase activity in the treated zones was detected (data not shown), further supporting a causal relationship between the appearance of green islands and increased leaf invertase activity.
Senescence Is Not Delayed by Cytokinins When Extracellular Invertase Activity Is Inhibited
The results obtained with the previously described transgenic approaches prove that an increase in extracellular invertase is sufficient for delay of senescence. Because these data do not rule out the activation of a cytokinin-independent pathway, a further functional approach was performed to answer the question of whether extracellular invertase activity is essential for the delay of senescence by cytokinins. The rational for this approach was to inhibit the extracellular invertase activity in the presence of cytokinins by the expression of an invertase inhibitor under control of a cytokinin-inducible promoter. For this purpose, a tobacco apoplasmic invertase inhibitor was cloned behind the promoter of the cytokinin-inducible invertase gene Lin6 and transformed into the tobacco cultivar W38. Approximately 40 transgenic plants have been obtained, the three transgenic lines NT71-9, NT71-25, and NT71-29 were analyzed in detail, and representative data obtained with line NT71-29 are shown.
Leaf-detachment assays demonstrate that kinetin results in a marked delay of senescence in leaves of wild-type plants. By contrast, this is not the case in leaves of the transgenic line, where the senesced phenotype was observed both in the presence and absence of cytokinin ( Figure 5A ). The failure of cytokinin to delay senescence was related to the induction of the transgene, as shown by the RNA gel blot analysis. Invertase inhibitor transcripts were detected both in wild-type plants and line NT71-29 because of the fact that the transgene used in this construction corresponds to the endogenous tobacco gene. However, whereas in the wild-type leaves its expression is downregulated by kinetin, in the transgenic lines the levels of transcripts are increased, demonstrating an induction of the transgene under control of the cytokinin-inducible promoter ( Figure 5B, bottom panel) . Because the mRNA level of the endogenous invertase inhibitor gene is repressed by cytokinin, and thus inversely regulated than the transgene under control of the Lin6 promoter, the treatment results in a highly elevated level of the invertase inhibitor mRNA in the transgenic plant compared with the corresponding control incubation. To substantiate that cytokinin results in the assumed induction of an endogenous extracellular invertase of tobacco under the experimental conditions used, the mRNA level of tobacco extracellular invertase NtbFruct1 has been determined. Treatment with kinetin induced the expression of Ntbfruct1 in the wild type and transgenic line already after 1 d ( Figure 5B, top panel) , supporting the finding that an extracellular invertase is induced by cytokinin in tobacco. To analyze whether the induction of the invertase inhibitor gene under control of the cytokinin-inducible promoter indeed results in a posttranslational inhibition of the activity of the endogenous extracellular invertase coinduced by cytokinin, sugar levels have been determined. Table 1 shows that kinetin induction of the transgene results in an average reduction of the concentration of hexose sugars by 55%, whereas the concentrations in the control incubations were not significantly affected. This finding demonstrates that the products of the enzymatic reaction catalyzed by invertase are specifically reduced. Because the endogenous extracellular invertase NtbFruct1 was induced in wild-type leaves and leaves of the transgenic line to similar levels ( Figure 5B ), the data demonstrate a posttranslational inhibition of the invertase activity by the invertase inhibitor coinduced by cytokinin. Therefore, the results of this loss-of-function experiment provide further proof for a positive correlation between extracellular invertase activity and delay of senescence. When the extracellular invertase activity is inhibited, the delay of senescence phenotype is no longer observable despite the presence of cytokinin.
These data demonstrate that extracellular invertase is an essential component of the mechanism of delay of senescence by cytokinins. Cytokinins fail to delay senescence under conditions when invertase activity is inhibited.
DISCUSSION
Despite the importance of cytokinins for plant growth and development, this class of plant hormone is least understood with respect to the mode of action. Cytokinins are involved in many processes associated with active growth and enhanced metabolic activity. One particular cytokinin effect is the delay of senescence, and this study demonstrates that nutrient mobilization via an extracellular invertase is an essential component of the underlying regulatory mechanism. This demonstrates that the regulation of leaf senescence is related to changes in sourcesink relations and that a direct link between cytokinin action and primary metabolism exists.
The induction of extracellular invertase by cytokinins in suspension cell cultures of C. rubrum was shown to be paralleled by a coordinated induction of a hexose transporter, which resulted in a twofold increase of sucrose uptake . This greatly supported the hypothesis of an essential link between the molecular mechanism of this phytohormone and primary metabolism (Roitsch et al., 2003) , which was further substantiated in this study. It has been shown that the delay of leaf senescence in transgenic plants with autoregulated cytokinin synthesis under control of the SAG12 promoter (Gan and Amasino, 1995) correlates with an increase of extracellular invertase activity. Thus, extracellular invertases could be direct mediators of cytokinin in the regulation of this process.
An Increase in Extracellular Invertase Activity Is Sufficient to Cause a Delay of Senescence
Because the cytokinin-mediated delay of senescence is paralleled by a change in the source-sink relationship by affecting extracellular invertase activity, the question arises whether extracellular invertases could replace the effect of endogenous increase or exogenous application of cytokinins. To test this hypothesis, transgenic tobacco plants that expressed the extracellular invertase gene from C. rubrum under control of the senescence-activated SAG12 promoter have been generated. The SAG12:Cin1 plants had a clear delayed-senescence phenotype, comparable to that observed in SAG12:ipt plants ( Gan and Amasino, 1995) . The bottom leaves of the 17-week-old transgenic lines were still green, whereas the wild-type plants displayed a clear progression of leaf senescence from bottom to top leaves. It has been shown previously that young healthy leaves detached from wild-type tobacco plants show symptoms of senescence already after 10 d of detachment. The analysis of the cell wall invertase activity in the leaves of the transgenic line showed an increase of activity specifically in the bottom leaves at the stage in which the activation of the promoter occurs, as shown by the analysis of reporter gene plants. However, no increase in extracellular invertase activity was detected in the leaves of wild-type plants at any of the stages analyzed. Thus, it is possible to substitute the cytokinin stimulus by a metabolic enzyme demonstrating a causal relationship. The increased sink strength of bottom leaves in the transgenic line, because of the enhanced expression of extracellular invertase, is sufficient to cause delay in senescence. As a secondary effect, this could account for the observed increase in vacuolar invertase activity. Furthermore, the hydrolysis of sucrose into the hexose monomers not only increases the local sink strength but will also exclude the sugar from phloem loading and transport or remobilization into the stem. In general, source and sink metabolism is inversely regulated by various stimuli, including the metabolic regulation by sugars (Roitsch, 1999 ). An activation of sink metabolism via the induction of sink-specific enzymes, including extracellular invertase, is usually coupled to feedback inhibition of photosynthetic gene expression by carbohydrates . The unexpected finding that an increase in extracellular invertase in bottom leaves of SAG12:Cin1 plants does not result in an increase in glucose steady state concentrations provides an explanation for why photosynthetic activity may be maintained despite the activation of sink metabolism. Therefore, the delay of senescence induced by extracellular invertases may be related to an activation of the metabolic carbohydrate flux. The resulting higher rate of sugar utilization causes a decrease of glucose content in the transgenic plants. This ensures that, despite the activation of sink metabolism, the hexose concentration does not reach the threshold level that would result in the feedback inhibition of photosynthetic gene expression. This provides a mechanism to uncouple the usually observed inverse and coordinated regulation of source and sink metabolism. The analyses of transgenic Arabidopsis plants with modulated hexokinase activity support the suggestion that the metabolic flux is related to the regulation of senescence (Xiao et al., 2000) . Apparently there is a fine-tuned interaction and balance between extracellular hydrolysis by the cell wall-bound invertase and the metabolic flux of the sink cell to avoid the accumulation of carbohydrates. This could explain the contradictory findings that overexpressing a yeast invertase in transgenic Arabidopsis, tobacco, and tomato plants results in the accumulation of carbohydrates, an inhibition of photosynthesis, and symptoms that resemble premature senescence (Dickinson et al., 1991; Ding et al., 1993) . The strong overexpression of the fungal invertase results in a disturbance of the delicate system that may not be counterbalanced by the plant metabolism because of the fact that the enzymatic and biochemical properties of the heterologous invertase is distinctly different from the plant extracellular invertases.
Sugars are not only substrates for heterotrophic growth but also important signals to regulate various processes in higher plants (Rolland et al., 2002) . According to the generally accepted model, leaf senescence is initiated when the photosynthetic rate drops below a certain threshold. Because sugars are primary products of photosynthesis, it has been proposed that sugar levels could be part of the signaling system leading to senescence (Gan and Amasino, 1997; Quirino et al., 2000; Yoshida et al., 2002) . However, the analyses of the regulation of leaf senescence by sugars so far have been inconclusive. A stimulation of senescence by high sugar levels is suggested by studies with tobacco plants that showed that the levels of glucose and fructose, but not sucrose, increase as the leaves progress through senescence (Wingler et al., 1998) . Likewise, a relationship between elevated hexose levels and premature senescence has been concluded from the analyses of transgenic lettuce plants expressing a SAG12:ipt construct. By contrast, the activation of the senescence pathways by low sugar levels is supported by the repression of the senescence-activated SAG12 gene by exogenous application of sugars (Noh and Amasino, 1999a) and its induction because of sugar deprivation (Quirino et al., 2000) . This hypothesis is supported by the accelerated leaf senescence of transgenic tomato plants overexpressing the Arabidopsis hexokinase with reduced contents of glucose or fructose in comparison with wild-type leaves (Dai et al., 1999) . This study and the references cited above indicate that there is mounting evidence that sugar levels can influence senescence, but more studies are required to determine the causal relationship and variation among species. A solution to the contradictory data with respect to the relation between sugars and senescence are provided by the conclusion that two types of leaf senescence occur in maize leaves: senescence because of assimilate starvation and senescence because of excessive assimilate accumulation (Tollenaar and Daynard, 1982) . In addition, the interaction between sugar and hormone signaling (Leon and Sheen, 2003) or the relative ratio between hexose sugars and sucrose rather than the absolute concentration (Wobus and Weber, 1999) may be important as signals to initiate senescence.
It has been observed that the longevity of cut flowers is improved by feeding sugar solutions (Nichols, 1973) and that this effect has been related to an inhibition of the enzymatic activities required for ethylene biosynthesis (Mayak and Borochov, 1984) . Ethylene could provide a feedback loop to carbohydrate metabolism because it has been shown that inhibition of ethylene biosyntheses results in the elevation of soluble sugars and improvement of vase life of cut flowers (Ichimura and Hisamatsu, 1999; Zhang and Leung, 2001) , that invertase expression is repressed by ethylene (Linden et al., 1996) , and that cross talk between sugar and ethylene signaling exists (Zhou et al., 1998; Yanagisawa et al., 2003) .
In a complementing functional approach addressing the role of invertases in the cytokinin-induced delay of senescence, transgenic plants harboring C. rubrum cell wall invertase under the control of a tetracycline-inducible promoter were generated. The delay of senescence induced by the application of tetracycline to detached leaves provides independent experimental evidence that extracellular invertase can effectively substitute the cytokinin action. However, the detection of higher chlorophyll contents and more evident senescence-delayed phenotypes in leaves treated simultaneously with kinetin plus tetracycline suggest the existence of additional components in the cytokinin-induced delay of senescence. In addition, the use of this chemically inducible promoter allowed study of the effect of localized induction of extracellular invertase that results in a specific delay of senescence in the treated zones in comparison with the rest of the leaf. Thus, the higher sink strength of these areas because of the expression of extracellular invertase would result in a nutrient mobilization to these zones. The green islands of autumn leaves have been shown to be caused by cytokinin secretion (Engelbrecht et al., 1969; Angra and Mandahar, 1993; Chen and Ertl, 1994) . Because radioactively labeled nutrients are preferably transported to cytokinin-treated areas (Mothes and Engelbrecht, 1963) , an altered sink-source relation has been suggested to be responsible for the formation of green islands. The observation that a localized increase of extracellular invertase produces zones with a delay of senescence supports this hypothesis. The detection of increased invertase activity in green islands of autumn leaves of different species (Z. Novalic and T. Roitsch, unpublished data) confirms this assumption.
Extracellular Invertase Is Essential for Cytokinin-Mediated Delay of Senescence
Current investigations of the kinetics of expression of senescence activated genes (SAG) under natural senescence and under induction of accelerated senescence have suggested that multiple pathways exist that activate a distinct set of genes, forming a regulatory network for leaf senescence. Certain genes are likely to be shared by different pathways and may be involved in the execution of senescence, whereas others seem to be unique to specific pathways and may be upstream regulatory genes that affect components of the senescence program. This plasticity of leaf senescence implies that blocking a particular pathway may not necessarily have a significant effect on the progression of senescence (Gan and Amasino, 1997; Chandlee, 2001) . To address the question of whether extracellular invertase is an essential component delaying senescence induced by cytokinin, transgenic plants were generated that allowed cytokinin-inducible inhibition of extracellular invertase activity. Transgenic tobacco plants harboring the invertase inhibitor gene from tobacco under the control of the cytokinin-induced promoter of extracellular invertase Lin6 from tomato were generated. The presence of putative invertase inhibitor proteins has been shown for several sink tissues , including carnation petals of natural senescing flowers (Halaba and Rudnicki, 1989) , where the enzyme has been postulated to control the translocation of sucrose to other organs of the flower (Halaba and Rudnicki, 1988) . Recently, the inhibitor from tobacco was cloned, and its functionality and specificity of binding to extracellular invertases was demonstrated . The effective inhibition of tobacco cell wall invertase reported for the recombinant protein represents a potent tool to study the effect of inhibiting extracellular invertase activity on the cytokinin-induced delay of senescence. The incubation of detached leaves with kinetin should (1) activate the endogenous cytokinin pathway for the delay of senescence, (2) induce the expression of endogenous cytokinin-inducible extracellular invertase, and (3) simultaneously result in the inhibition of extracellular invertase activity by the invertase inhibitor expressed under control of the cytokinin-inducible promoter. The finding that senescence is not any longer delayed in the transgenic plants in the presence of cytokinin demonstrates that an increase in extracellular invertase activity is required for the cytokinin-mediated delay in senescence. The presence of transcripts for the invertase inhibitor in detached young leaves is in agreement with the results obtained by Greiner et al. (1998) , where transcripts of this gene are detected in source leaves of 7-and 15-week-old plants. The results reported show a decrease in expression of the invertase inhibitor in leaves from the bottom to the top of the plant, being high in the old source leaves and reaching the highest levels in senescent leaves . This distribution and the findings of this study that the endogenous invertase inhibitor gene is repressed by cytokinin indirectly support a requirement for extracellular invertase activity under conditions of delayed senescence. In addition, the observed repression of the invertase inhibitor demonstrates the regulation of an invertase inhibitor by a plant hormone.
Whereas this study demonstrates the importance of extracellular invertase for only one particular effect of cytokinins, this key enzyme of apolasmic phloem unloading pathways also could be involved in other cytokinin-mediated responses. The active growth of tissues depends on the function of the cell division cycle. Because it has been shown that specific D-type cyclins, as important regulators of the cell cycle, are carbohydrate responsive, the extracellular invertase may have a dual function. It provides substrate to satisfy the increased carbohydrate demand of actively growing tissues and generates a metabolic signal to stimulate the cell cycle. Thus, invertases could contribute to the increase in sink size by inducing cell division via a sugar signaling mechanism.
The reported induction of extracellular invertases by sugars (Roitsch et al., 1995; Krausgrill et al., 1996; Godt and Roitsch, 1997; Tymowska-Lalanne and Kreis, 1998; Sinha et al., 2002) could provide a feed forward mechanism to amplify or maintain the cytokinin signal. An initial upregulation of the extracellular invertase will result in an increased sugar concentration that will then further induce the invertase or keep the invertase induced even if the initial stimulus is not present anymore.
Senescence is a type of programmed cell death that constitutes the final phase of leaf development. Although there has been extensive research focused on whole plant/leaf senescence, the molecular events that induce or contribute to the process have been investigated only recently (Chandlee, 2001) . As a result, only a partial picture of the molecular basis for the regulation and progress of this process has emerged, and many questions remained answered. A further understanding of the underlying mechanisms will provide fundamental information about aspects of cell differentiation and the regulation of cellular events through the action of plant hormones and other signals (Gan and Amasino, 1996; Grbic, 2002) . The potential regulation of the delay of leaf senescence would provide practical benefits, maximizing the crop yield and minimizing the postharvest and postproduction losses of fruits, vegetables, flowers, and other crops.
METHODS
Plasmid Construction
A construct for senescence-inducible expression of extracellular invertase Cin1 (SAG12:Cin1) was generated in two steps. The Cin1 cDNA was amplified by PCR from plasmid pMB3 (Roitsch et al., 1995) by primers CIN125Noc (59-TGCATCGATCAAGTCGATGT-39) and CIN1SacNco (59-GCAATTGACTGTAATTCGTACTAATT-39) that generated NcoI sites at both ends and a SacI at the 59-end of the cDNA. After cutting with NcoI, the fragment was cloned into the corresponding site of plasmid pSG499 (Gan and Amasino, 1995) to generate plasmid pRE1171. The expression cassette was subcloned into the binary vector pBI1011 (Goetz et al., 2001) as SalI-SacI fragment to generate plasmid pRE1186-27.
A construct for tetracycline-inducible expression of extracellular invertase Cin1 (TetR:Cin1) was generated by initially releasing the complete cDNA of extracellular invertase Cin1 from plasmid pMB3 as EcoRI fragment, filling in the 59-overhangs by Klenow polymerase, and cloning the fragment into the SmaI site of pUC18 to generate pMH06/11. The Cin1 cDNA was then subcloned as a KpnI/XbaI fragment into the corresponding sites of the binary vector pBinHygTx (Gatz and Lenk, 1998) to generate pRE697-17.
A fusion between the cytokinin-inducible promoter of extracellular invertase Lin6 and the apoplasmic invertase inhibitor P17A (Lin6:P17A) from tobacco (Nicotiana tabacum) was generated by subcloning the invertase inhibitor cDNA as BamHI/XhoI from plasmid pBK-CMV/P17A and plasmid pR6-11 (R. Proels and T. Roitsch, unpublished data) to generate plasmid pTF3-11.
Plant Transformation
The constructs were transferred to tobacco (N. tabacum cv Wisconsin 38) using standard Agrobacterium tumefaciens transformation procedures (Horsch et al., 1985) . The T1 generation of transgenic plants that was heterozygous for the different transgenes was used for all experiments.
Senescence Assay on Detached Leaves
Detached young leaves from tobacco plants were incubated in a water bath at 49.28C for 1 min and 30 s and then transferred to a flask with tap water. For experiments with transgenic lines expressing the tobacco invertase inhibitor P17A under control of the cytokinin-inducible Lin6 promoter, the water was supplemented with either 30 mg/L of kinetin or an equivalent amount of the solvent (NaOH). The leaves were incubated in a plant growth chamber with a 15-h-light/9-h-dark cycle and a constant temperature of 238C.
For experiments with transgenic lines expressing the extracellular invertase Cin1 under control of the tetracycline-inducible TetR promoter, expression of the transgene was induced by infiltration of a solution containing MS medium (Duchefa, Haarlem, The Netherlands), pH 6.0, 0.02% Silwet, and 10 mg/L of chlorotetracycline. For localized induction, a small area was gently treated with glass paper and then repetitively painted with a brush wetted in the chlorotetracycline-containing solution. For mock inoculations, the chlorotetracycline was omitted.
The leaves were observed for 4 weeks, and photographs were taken. At least five independent replications with three independent lines were performed.
Chlorophyll Determinations
Three frozen leaf disks of each sample analyzed, corresponding to ;0.033 g of fresh weight material, were extracted and homogenized in 1 mL of 80% acetone and kept thereafter at 48C. After homogenization, the samples were centrifuged at 10,000g, 2 min at 48C, and 1 mL of the supernatant was used for spectrophotometric determination. The concentration of chlorophyll a/b as well as the major carotenoides, comprising xantophyll and carotene, was calculated as described by Lichtenthaler (1987) . Results were expressed as micrograms of chlorophyll or carotenoids per milliliter. The chlorophyll content of individual samples was determined at least in duplicate, and at least three independent experiments were analyzed.
Determination of Invertase Activity
The activity of extracellular invertase was determined at pH 4.5 as described previously (Roitsch et al., 1995) . A Glc test kit (Roche, Indianapolis, IN) was used to determine the amount of Glc liberated. Control reactions were performed using the same volume of extract and water in the reaction mixture instead of sucrose. The concentration of protein in the extracts was determined using the procedure of Bradford (1976) . The invertase activity of individual samples was determined at least in triplicate, and at least three independent experiments were analyzed.
Soluble Sugar Determination
For the determination of soluble sugars, 100 mg of ground frozen material were resuspended in 900 mL of distilled water, and after centrifugation at 13,000 rpm for 10 min at 48C, the supernatant was heated at 1058C for 3 min to denature the enzymes. The resulting supernatant was used for the quantification of soluble sugars using a high-pressure liquid chromatography system coupled with pulsed amperometry detection (Dionex 4500i; Dionex Softron, Germering, Germany). The sugar content of individual samples was determined at least in duplicate, and at least three independent experiments were analyzed.
Isolation of RNA and RNA Gel Blot Analyses RNA was obtained in a scaled-down extraction procedure. The material was frozen in liquid nitrogen, and after grinding in a mortar, two replicates of 100 mg of material were used for RNA isolation. Total RNA was isolated according to the methods of Chomczynski and Sacchi (1987) . To remove the high content of carbohydrates of the RNA-containing samples, the pellets were treated with 500 mL of peqGold Optipure solution (PeqLab, Erlangen, Germany) and maintained at vigorous shaking at 208C overnight. The samples were then centrifuged at 20,000g for 30 min at room temperature, and the RNA-containing pellet was dispersed in 200 mL of SDS 0.5% by vigorous shaking at 558C for 2 h. The samples were extracted with one volume of chloroform, and the upper phase was precipitated by the addition of one volume of isopropanol and a final concentration of 0.2 M sodium acetate and incubated at ÿ208C overnight. The RNA was collected by centrifugation (20,000g) washed with 85% ethanol and dried by vacuum centrifugation. The pellet was dissolved in 20 mL of diethyl pyrocarbonate-treated water, and the concentration of RNA was calculated from the A 260 .
For RNA gel blot analysis, 15 mg of RNA samples containing ethidium bromide were subjected to electrophoresis on 1.3% agarose formaldehyde gels and transferred to nitrocellulose filters by capillary transfer, and the cDNA probes were labeled by random priming (MBI Fermentas, St. Leon-Rot, Germany) . Hybridization was performed in 50% formamide, 53 SSC (750 mM NaCl and 75 mM sodium citrate, brought to pH 7.0 with HCl), 0.1% SDS, and 53 Denhardt's solution (0.1% Ficoll 400, 0.1% BSA, and 0.1% polyvinylpyrrolidone) at 428C for 18 h. The membranes were washed with decreasing salt concentration at 428C. A final washing step was performed in 0.23 SSC and 0.1% SDS.
Samples from at least three different experiments were analyzed by RNA gel blot analyses.
